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Rad predstavlja eksperimentalnu studiju o uticaju priljavstine na efikasnost fotonaponskih pa-
nela. Testirana su tri scenarija ¢is¢enja (Cist, polu-cist i prljav) pod kontrolisanim uslovima vestac-
kog osvetljenja, pri standardnom uglu nagiba od 35°. Mereni parametri ukljucivali su napon, struju,
snagu i temperaturu panela, napon i struju na terminalima baterije, kao i vrednosti registrovane na
nivou potrosaca (sijalica). Rezultati pokazuju znacajno smanjenje efikasnosti u zavisnosti od nivoa
prljavstine, sto potvrduje vaznost redovnog odrzavanja.

The paper presents an experimental study on the impact of dirt on the efficiency of photovoltaic
panels. Three cleaning scenarios (clean, semi-clean, and dirty) were tested under controlled artificial
lighting conditions at a standard tilt angle of 35°. The measured parameters included panel voltage,
current, power, and temperature, battery terminal voltage and current, as well as the values recorded
at the consumer (light bulb) level. The results show a significant decrease in efficiency depending on
the level of dirt, confirming the importance of regular maintenance.

1. Introduction

The performance of photovoltaic (PV) panels is strongly influenced by the ability of their pro-
tective glass surface to transmit solar radiation to the active semiconductor layers beneath. Although
this aspect is fundamental to PV energy conversion, the effect of dust accumulation has received
comparatively limited attention in the scientific literature. Existing studies nonetheless demonstrate
that surface soiling can substantially reduce the electrical output of PV modules, often to a degree
that is critically important for long-term system efficiency.

Research conducted in Saudi Arabia, for example, reported an energy-production decrease of
up to 32% on panels left uncleaned for eight months. However, the study does not specify the char-
acteristics of the deposited dust—such as its particle size distribution, chemical composition, or dep-
osition density—making it difficult to generalize the results to other climates or environments [1]. A
more detailed and better-structured investigation was carried out by EI-Shobokshy and Hussein, who
evaluated in laboratory conditions the impact of several dust types on photovoltaic cells. Their results
show that performance degradation depends not only on exposure duration but also on the intrinsic
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properties of the dust, including its chemical composition, granulometry, and mass accumulation rate
[2]. Even so, the study presents limitations, such as the absence of natural airflow and the use of
artificial dust samples.

Additional work by Hassan and co-authors revealed an even steeper degradation trend. Their
measurements indicate efficiency losses exceeding 30% within a single month, and reaching as high
as 66% after six months without cleaning, particularly in regions with high concentrations of airborne
particles [3]. Such findings highlight that in heavily polluted or arid areas, the impact of dust occurs
much more rapidly and severely than initially assumed.

Other studies have focused on the optical properties of the glass cover. Garg observed a dra-
matic decrease in transmittance—from 90% to 30% within 30 days—for horizontally mounted glass
surfaces exposed to natural dust deposition [4]. Similar research conducted in Kuwait demonstrated
that the tilt angle of PV modules has a direct influence on the rate of soiling: flatter surfaces accumu-
late dust more rapidly, leading to higher optical and electrical losses [5].

Given the accelerating global adoption of photovoltaic technologies, it is essential to rigorously
assess all factors that may influence their operational performance. Among these, surface cleanliness
constitutes a critical but often underestimated variable. Accumulated dust reduces the amount of solar
radiation reaching the cells, lowers power output, and in cases of non-uniform deposition may even
lead to partial shading effects and local overheating (hot-spots), which compromise long-term module
reliability.

In this context, the present study provides an experimental analysis of the performance variation
of a photovoltaic panel subjected to different cleanliness conditions. A dedicated testing stand was
designed and constructed to investigate three scenarios: a completely clean surface, a semi-soiled
surface, and a heavily soiled surface. The aim is to quantify the electrical impact of surface contami-
nation and to highlight the practical importance of regular cleaning for maintaining optimal PV effi-
ciency.

The main objectives of this work are:

(1) to identify the environmental factors that contribute to PV surface soiling and to outline how
these factors vary according to the surrounding context;

(2) to experimentally assess the differences in electrical performance between the three tested
scenarios—clean, semi-clean, and heavily soiled:;

(3) to propose technical and operational recommendations for adequate maintenance under dif-
ferent environmental conditions; and

(4) to evaluate the potential economic implications of regular PV cleaning in relation to long-
term system efficiency and durability.

The methodology employed is based on controlled laboratory-type measurements, using a sin-
gle photovoltaic module covered sequentially with transparent PVC films subjected to varying de-
grees of soiling. Electrical parameters such as voltage, current, and instantaneous power were col-
lected under identical geometric and lighting conditions. The resulting datasets were then statistically
compared in order to derive clear and relevant conclusions regarding the influence of surface clean-
liness on PV performance

2. Content of the paper

The experimental study was carried out on a small-scale photovoltaic test bench installed in an
outdoor wooden gazebo, using readily available household-grade equipment arranged to ensure re-
peatable measurement conditions. All tests were performed in the evening, under constant artificial
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lighting, with no contribution from natural sunlight. The purpose of the experiment was to evaluate
how the degree of surface cleanliness influences the efficiency of a photovoltaic (PV) panel.

The system was built according to a sketch designed in AutoCAD (Figure 1) and then assem-
bled using a combination of purchased and improvised components, providing all the elements strictly
necessary to perform the planned measurements.

Figures should be in separate paragraph (style: Figures). Caption (style: Captions) should be
below the figure.
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Figure 1. AutoCAD sketch of the experimental rig

The support structure for the PV system was made of wood and OSB boards. The base consisted
of a 10 mm thick OSB plate (40 x 35 cm), while the two side elements were identical triangular OSB
plates, 6 mm thick and 60 cm high. These side plates supported the photovoltaic panel, which was
mounted on an improvised frame made of U-shaped aluminium profiles. A threaded rod with a diam-
eter of 12 mm passed through the frame, allowing the panel to be tilted and fixed at the desired angle.

To support the artificial light source (the projector), an additional frame was constructed from
wooden battens, attached to the same threaded rod using nuts and metal washers of matching size.
Together, these elements formed the experimental stand illustrated in Figure 2.

7

Figure 2. Experimental stand prepared for measurements



252 56" INTERNATIONAL HVAC&R CONGRESS AND EXHIBITION

The tested photovoltaic system consisted of a monocrystalline PV panel (30 x 40 cm, nominal
power 20 W) mounted on the aluminum frame using silicone and positioned at a fixed tilt angle of
35°. lllumination was provided by a 100 W LED projector placed directly in front of the panel to
ensure stable and uniform artificial lighting throughout the tests. The electrical output of the panel
was routed through a PWM solar charge controller connected to a 12 V, 80 Ah battery used for energy
storage, while a 12 V light bulb served as the system’s electrical load and was supplied via the same
controller.

A digital multimeter was used to record voltage (V) and current (A) under different cleanliness
conditions of the panel (clean, semi-clean, and dirty). Three transparent PVVC films, 0.8 mm thick and
with the same dimensions as the panel, were prepared and later covered with dust and sand according
to each test case. Panel temperature was measured using a digital infrared thermometer. This experi-
mental configuration allowed the simulation of realistic soiling scenarios and the evaluation of their
impact on the energy performance of a small PV system.

2.1. Tested scenarios
For the experimental campaign, three test scenarios were defined: Clean panel, Semi-clean
panel and Dirty Panel.
2.1.1. Clean panel

In the first scenario, a perfectly clean transparent film was placed on the panel surface. The film
had no visible dust or impurities and was intended to reproduce the ideal, fully cleaned condition of
a PV module.

Figure 3. Case 1 — clean panel

2.1.2. Semi-clean panel

In the second scenario, the transparent film was lightly sprinkled with sand and dust, applied
manually so as to cover a significant part of the surface but without forming a continuous opaque
layer. This case represents a moderately soiled panel, as often found in practice when cleaning is
irregular.
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Figure 4. Case 2 — semi-clean panel.

2.1.3. Dirty panel

In the third scenario, the film was uniformly covered with a dense layer of impurities (dust and
sand), simulating conditions of prolonged lack of maintenance and significant environmental soiling.

Figure 5. Case 3 — dirty panel.

2.2. Measured parameters

Testing was carried out in the evening, using only the constant artificial illumination provided
by the projector, in order to eliminate fluctuations associated with natural solar radiation. The follow-
ing parameters were measured:

U — Voltage at terminals (V), measured with the multimeter;

| — Generated current (A), measured with the multimeter;

P — Electrical power (W), calculated using the relation (1):

P=Ul

T — Panel temperature (°C), measured with the infrared thermometer;
n — System efficiency and behavior of the 12 V light bulb, expressed as a percentage relative to
the clean-panel case, using the relation:

1] = (Px/Pclean) - 100

Where Px is the power for the semi-clean or dirty case, and Pclean is the reference power for
the clean panel.
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To interpret the results for the three cases, the measured values were first organized in a sup-
porting table (Table 1) containing all recorded data. Based on these values, derived quantities (powers
and efficiencies) were then calculated and summarized in Table 2, which served as a basis for the
subsequent graphical analysis.

Because all tests were performed at the same tilt angle (35°), with identical distance between
panel and projector and the same projector temperature (45.3 °C), the resulting tables provide a con-
sistent comparison framework, isolating the influence of surface cleanliness.

Table 1. Values obtained from direct measurements.

Case studied Clean panel Semi-clean panel Dirty panel
Battery terminal voltage (Ubat) — [V] 11,94 11,82 11,69
Bulb voltage at the controller output (Ubec-e) — [V] 11,92 11,64 11,61
Bulb voltage at the socket (Ubec-s) — [V] 11,09 10,88 11,38
Bulb voltage at the socket without the battery con- 0,0008 0,0005 0,0002
nected (Ubec-Ib) — [V]

Battery terminal current (Ibat) — [A] 0,00103 0,00098 0,00095
Panel current (Ipa) — [A] 0,00087 0,00082 0,00045
Bulb current (Ibec) — [A] 0,00120 0,00117 0,00106
Panel temperature (Tpa) — [°C] 23,0 22,1 19,7

Because all tests were performed at the same tilt angle (35°), with identical distance between
panel and projector and the same projector temperature (45.3 °C), the resulting tables provide a con-
sistent comparison framework, isolating the influence of surface cleanliness.

Table 2. Values obtained from calculated power and efficiency.

Case studied Clean panel Semi-clean panel | Dirty panel
Generated panel power (Ppan) — [W] 0,01037 0,00954 0,00522
Panel efficiency (npan) — [%] 100 92,04 50,34
Bulb power (Pbec) — [W] 0,01331 0,01273 0,01206
Bulb efficiency (nbec) — [%] 100 95,65 90,64
Battery power (Pbat) — [W] 0,01230 0,01158 0,01111
Battery efficiency (nbat) — [%] 100 94,19 90,30

2.3. Interpretation of results

The comparison between the three scenarios clearly shows that the presence of dust and impu-
rities on the PV surface leads to a significant decrease in both power output and efficiency for all
monitored components.

For the panel itself, the generated power decreased from approximately 0.0104 W (clean panel)
to about 0.0095 W (semi-clean panel) and 0.0052 W (dirty panel), corresponding to losses exceeding
50% in the most unfavourable case. These variations are reflected in the power and efficiency curves
shown in Figure 6 and Figure 7

Following the scenarios and results presented above, a clear and significant decrease in photo-
voltaic panel performance was observed as the degree of surface soiling increased. The electrical
power generated by the panel declined from approximately 0.0104 W in the clean condition to 0.0095
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W in the semi-clean case and further to 0.0052 W when heavily soiled, corresponding to losses ex-
ceeding 50% in the most unfavorable scenario.

Power variations
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Figure 6. Comparative power output of the photovoltaic system
under different cleanliness conditions
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Figure 7. Efficiency comparison of the photovoltaic panel, bulb, and battery
for each cleanliness scenario

The overall energy efficiency and the effective transfer of power to both the battery and the
consumer load were also markedly affected. Both voltage and current decreased progressively with
increasing surface contamination, while the panel temperature was consistently lower, indicating re-
duced light absorption. These findings underline the substantial impact of dust deposition on the en-
tire energy conversion chain—from initial solar capture to final energy delivery—highlighting the
critical role of regular surface maintenance in preserving PV system performance.

3. Conclusions

The experimental study conducted in this work revealed clear and quantifiable effects of dust
deposition on the performance of photovoltaic panels. Measurements obtained under the three tested
scenarios—clean, semi-clean, and heavily soiled—demonstrated substantial reductions in generated
power, current intensity, and voltage at all levels of the system (panel, battery, and load). In the most
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critical case, panel efficiency decreased by more than 50%, confirming the strong and direct influence
of surface cleanliness on energy conversion.

The battery also exhibited a slight yet consistent decrease in energy efficiency, reflecting cu-
mulative losses throughout the entire electrical circuit. Although the initial investment in a photovol-
taic system can be significant, long-term performance is heavily dependent on maintenance practices.
Energy losses caused by surface soiling reduce daily electrical production and consequently extend
the system’s payback period. From an environmental perspective, maintaining high PV efficiency
ensures a maximum contribution of clean, renewable energy to the consumption system, thereby min-
imizing reliance on conventional sources. Conversely, a neglected PV installation can become both
energetically inefficient and environmentally irrelevant.

The experimental work presented in this paper was carried out under simplified and highly
controlled conditions, relying on a single photovoltaic panel, an artificial light source, and a stable
indoor setup. While this approach ensured repeatability and minimized external variability, it also
imposes important limitations when attempting to generalize the findings to larger installations or to
real outdoor operating environments. To overcome these constraints, future research should be di-
rected toward experiments conducted outdoors over extended periods, where natural fluctuations in
irradiance, weather, and particulate deposition can be captured. It would also be valuable to repeat
the tests in a more rigorously sealed laboratory environment, reducing stray light and further improv-
ing measurement accuracy.

Expanding the experimental configuration to include multiple photovoltaic panels would enable
a more comprehensive assessment of daily energy production and system-level behaviour. Moreover,
examining the influence of additional environmental stressors—such as acid rain, snow, pollen, and
smog—would provide deeper insight into the mechanisms through which different contaminants af-
fect optical and electrical performance. Comparative studies across various PV technologies, includ-
ing polycrystalline and thin-film modules, as well as analyses considering different orientations, lat-
itudes, and mounting configurations, would further strengthen the understanding of how surface soil-
ing interacts with system design variables.

Taken together, these considerations reinforce the central conclusion of this study: regular
maintenance and effective surface cleaning are essential for sustaining the operational efficiency and
long-term viability of photovoltaic systems, particularly in environments where dust accumulation is
significant.
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